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Abbreviation:

CC16: Clara cell protein;
NO: nitric oxide;
NF-kB: nuclear factor-kappaB reporter system;
IL-6: interleukin-6;
IL-6sR: interleukin-6 soluble receptor; 

8-OHdG: 8-hydroxydeoxyguanosine;
HSP70: heat shock protein 70;
N7-MeG: N7-methylguanosine;
MPO: myeloperoxidase;
SOD: superoxide dismutase;
GPx: glutathione peroxidase;
VCAM: vascular cell adhesion molecule;
ICAM: intercellular adhesion molecule;
hsCRP: high sensitive C-reactive protein;
HRV: heart rate variability;
SDNN: standard deviation of all normal to normal R-R intervals;
RMSSD: the root mean square of successive differences between adjacent normal cycles;
VLF: very low frequency;
LF: low frequency;
HF: high frequency;
LF/HF: low frequency/high frequency ratio;
FVC: forced vital capacity;
FEV1: forced expiratory volume at 1 second;
MMF: maximal mid-expiratory flow; 

PEFR: peak expiratory flow rate;
FEF25%: forced expiratory flow at 25%;
FEF50%: forced expiratory flow at 50%;
FEF75%: forced expiratory flow at 75%;
Abstract
     The aim of this study was to establish and identify the health effect markers of workers with potential exposure to nanoparticles (20-100 nm) during manufacturing and/or application of nanomaterials. For this cross-sectional study, we recruited 227 workers who handled nanomaterials and 137 workers for comparison who did not from 14 plants in Taiwan. A questionnaire was used to collect data on exposure status, demographics, and potential confounders. The health effect markers were measured in the medical laboratory. Control banding from the Nanotool Risk Level Matrix was used to categorize the exposure risk levels of the workers. The results showed that the antioxidant enzyme, superoxide dismutase (SOD) in risk level 1 (RL1) and risk level 2 (RL2) workers was significantly (p < 0.05) lower than in control workers. A significantly decreasing gradient was found for SOD (control > RL1 > RL2). Another antioxidant, glutathione peroxidase (GPX), was significantly lower only in RL1 workers than in the control workers. The cardiovascular markers, fibrinogen and ICAM (intercellular adhesion molecule), were significantly higher in RL2 workers than in controls and a significant dose-response with an increasing trend was found for these two cardiovascular markers. Another cardiovascular marker, interleukin-6, was significantly increased among RL1 workers, but not among RL2 workers. The accuracy rate for remembering 7-digitsand reciting them backwards was significantly lower in RL2 workers (OR = 0.48) than in controls and a significantly reversed gradient was also found for the correct rate of backward memory (OR = 0.90 for RL1, OR = 0.48 for RL2, p < 0.05 in test for trend). Depression of antioxidant enzymes and increased expression of cardiovascular markers were found among workers handling nanomaterials. Antioxidant enzymes, such as SOD and GPX, and cardiovascular markers, such as fibrinogen, ICAM, and interluekin-6, are possible biomarkers for medical surveillance of workers handling engineered nanomaterials. 
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Introduction
The Taiwan National Nanoscience and Nanotechnology Program was approved by the National Science Council in June 2002 (http://www.twnpnt.org). This national program was initiated in 2003, and the total budget for the first phase was US$600 million spread over 6 years (2003–2008). The program was designed to coordinate the efforts from various government agencies, including the Ministry of Economic Affairs, National Science Council, Ministry of Education, Atomic Energy Council, Environmental Protection Administration, Department of Health, and Council of Labor Affairs to enhance interdisciplinary research. In the first phase, this program was focused on nanotechnology research and development. Therefore, most of the funding was distributed to the Ministry of Economic Affairs. In the second phase since 2009, the Environmental Protection Administration, Department of Health, and Council of Labor Affairs were assigned to take the responsibility for environmental health and safety of the industry. This study of the health risk assessment of workers handling nanomaterials was the main responsibility of the Taiwan Council of Labor Affairs, under the operation of the Taiwan Institute of Occupational Safety and Health (http://www.iosh.gov.tw). 

Two types of nanoparticles are generated in the environment: unintentionally produced nanoparticles (natural nanoparticles) and intentionally produced nanoparticles (engineered nanoparticles) (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008). Evidence of human toxicity of nanoparticles, for examples, lung inflammation, oxidative damage, worsening of heart disease, atherosclerosis, asthma, and possibly lung cancer, and others came from epidemiological studies of unintentionally produced nanoparticles generated from traffic pollution and combustion products such as diesel exhaust, welding fumes (Hesterberg et al. 2009; Hesterberg et al. 2010). Epidemiological studies have shown positive correlation between the particulate matter in air pollution and increased morbidity and mortality in adults and children (Hesterberg et al. 2009; Hesterberg et al. 2010). Epidemiological studies have also found links between respiratory illnesses and the number of ambient ultrafine particles (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008; Oberdörster et al. 2009; Hesterberg et al. 2009; Hesterberg et al. 2010; Simkó et al. 2010; Bonner 2010; Oberdörster 2010). Some of intentionally produced nanoparticles are already on the market, including carbon nanotubes and carbon black, and some are newly engineered, including nanogold and nanoresins. Evidence of their effects on humans comes from occupational epidemiological studies from a small set of manufactured particles on the market for decades. Most of the occupational epidemiological studies of the health effects of carbon black and titanium dioxide were negative, while the risks were controversial for silica dioxide and alumina (Larsson et al. 1989; Radon et al. 1999; Morfeld et al. 2006; Dell et al. 2006; Cassidy et al. 2007; Chen et al. 2007; Ramanakumar et al. 2008). Many newly engineered nanoparticles had added value in industry, while natural nanoparticles had little added value. Additionally, engineered nanoparticles were considered negligible exposure risks, while natural nanoparticles exposures were considered substantial health risks (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008).

Potential routes of nanoparticle exposure include inhalation, ingestion, and dermal absorption. Among them, inhalation is the most important exposure route (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008). Previous studies revealed that some nanoparticles have toxicity characteristics related to inhalation. For example: 1). Nanoparticles less than 100 nm deposit mainly in the alveoli. 2) Clearance of nanoparticles from the lung is slower than that of fine particles (PM2.5). 3) Inhaled nanoparticles can migrate from the lungs into the blood circulation. 4) Nanoparticles can migrate to the brain, interstitial tissues, and regional lymph nodes (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008). Even so, the health effects of engineered nanoparticles are uncertain. Little is known about exposure assessment and health risk assessment of people exposed to nanoparticles until seven occupational diseases due to polyacrylate nanoparticles were reported in China (Song et al. 2009). Although health hazards induced by nanoparticles have never been confirmed in humans, there is accumulating evidence from animal studies that exposure to some nanomaterials is harmful. The health effects induced by engineered nanoparticles in animal inhalation studies included pulmonary fibrosis, granuloma, and inflammation, lung cancer, mesothelioma-like effects, cardiovascular effects, oxidative stress, and pleural plaque formation (Oberdörster et al. 2005; Hesterberg et al. 2006; Borm et al. 2006; Stern et al. 2008; Hesterberg et al. 2009; Hesterberg et al. 2010; Hubbs et al. 2011). In vivo and in vitro toxicological studies, nanoparticles were more toxic and inflammatory than fine particles of low solubility and low toxicity such as TiO2 and carbon black (Hesterberg et al. 2006; Stone et al. 2007; Hubbs et al. 2011). In vitro studies also showed that nanoparticles generated more reactive oxygen species than fine particles leading to increased transcription of pro-inflammatory mediators via intracellular signaling pathways, including calcium and oxidative stress (Stone et al. 2007).

Although no human illnesses to date are confirmed to be attributed to nanoparticles, occupational epidemiological studies are needed to verify the health effects of engineered nanoparticles. Since the methodologies for exposure assessment are not consistent, occupational epidemiological research on engineered nanoparticles is largely lacking. However, there is increasing public, governmental, and scientific interest in the potential adverse health effects of nanoparticle exposure. Therefore, the objectives of this hypothesis-generating study are to explore the health hazards among workers handling engineered nanomaterials and to identify sensitive and specific biomarkers related to the health effects of engineered nanoparticles. 
Materials and Methods

Study design

In this cross-sectional study, both exposed workers and non-exposed controls were recruited from 14 nanomaterial handling plants in Taiwan. Workers directly and indirectly handling nanomaterials comprised the exposed worker group. The volunteer control group of unexposed workers was selected from among workers at the same plants as the exposed workers, but they did not handle nanomaterials. Thus, controls had comparable geographic and socioeconomic statuses. For each participant, we collected blood and urine specimens and exhaled breath condensates (Horváth et al. 2005; Hoffmeyer et al. 2009) to identify and measure biomarkers. In addition, pulmonary function, heart rate variability, and neurobehavioral functions were tested.
Study population
We conducted a survey of the nanotechnology plants in Taiwan. On the list of nanomaterials handling plants in the Nanotechnology Environmental Health and Safety Program, some were excluded due to incorrect information, selling only, but not handling nanomaterials, being shut down, having never handled nanomaterials or not currently handling nanamaterials. We estimated that 70 plants were manufacturing or handling nanoparticles in Taiwan. The total numbers of workers were estimated to be 5000. Among the 70 plants, we visited 39 and collected brief information. There were 14 factories that agreed to participate in this study. Some of the plants were manufacturing nanomaterials, some of them were applying nanoparticles in the manufacturing of other products. The size of nanotechnology plants was small. The number of employees ranged from 1 to 24. 
We recruited 227 workers exposed to nanomaterials and 137 non-exposed controls to take part in this cross-sectional study. The participation rate was 97% in the exposed group. Only six workers exposed to nanomaterials were missing in this study. This study was reviewed and approved by our institution’s ethics review board. We obtained written, informed consent from the individuals that participated in the study prior to their enrollment in the study. 
Outcome variables
A review of the inhalation studies in humans and animals (Wichmann et al. 2000; Donaldson et al. 2001; Oberdörster et al. 2005; Borm et al. 2006; Hesterberg et al. 2006; Frampton 2007; Stern et al. 2008; Araujo et al. 2008; Araujo et al. 2009; Hesterberg et al. 2009; Peters et al. 2009; Hesterberg et al. 2010; Quan et al. 2010; Hubbs et al. 2011) showed that the health effects potentially induced by engineered nanoparticles include oxidative stress, inflammation, granuloma formation, pulmonary fibrosis, mesothelioma-like lesions, lung cancer, plaque formation, cardiovascular effects, and brain stress. In this study, we investigated six aspects of potential health effects, including antioxidant enzyme activity, lung inflammation and oxidative damage or lipid peroxidation, cardiovascular diseases markers, DNA damage and genotoxicity, pulmonary function, and neurobehavioral function. Each marker was measured according to standard protocols either provided by suppliers or developed by other laboratories. 

The biomarkers measured in each aspect of the health effects were as follows. 
1. Antioxidant enzyme activities, such as myeloperoxidase, glutathione peroxidase-1 (GPX-1), copper-zinc superoxide dismutase (SOD) (Zelko et al. 2002; Delfino et al. 2008). 

2. Inflammation and oxidative damage markers, such as Clara cell protein (McAuley et al. 2009), heat shock protein 70 (Han et al. 2005), nitric oxide (American Thoracic Society Workshop, 2006; Taylor et al. 2006), nuclear factor κB transcription factor activation (Tsou et al. 2010), 8-hydroxydeoxyguanosine (Chen et al. 2007; Wang et al. 2011), N7-methyl guanosine (Wang et al. 2011), and isoprostane (8-iso-prostaglandin F2α) (Liang et al. 2003). 

3. Cardiovascular biomarkers, such as fibrinogen, vascular cellular adhesion molecule, intercellular adhesion molecule-1 (ICAM-1), interleukin-6 (IL-6), IL-6 soluble receptor (Donaldson et al. 2001; Delfino et al. 2008), arylesterase and paraoxonase enzymes (Li et al. 2009), high-sensitivity C-reactive protein (Ridker 2007), and heart rate variability (including standard deviation of all normal to normal R-R intervals, and root mean square of successive differences between adjacent normal cycles) (Timonen et al. 2006).
4. Genotoxicities using the comet assay, including %DNA in the tail, tail moment, olive moment, and L/H ratio (tail to head ratio) (Karlsson 2010) and micronucleus (Wu et al. 2004). 
5. Lung function, including forced vital capacity (FVC), forced expiratory volume at 1 second (FEV1), peak expiratory flow rate (PEFR), maximal mid-expiratory flow (MMF), forced expiratory flow at 25% (FEF25%), forced expiratory flow at 50% (FEF50%), and forced expiratory flow at 75% (FEF75%) (Qaseem et al. 2011).
6. Neurobehavioral tests, including reaction time test and 5, 6, 7-digit forward and backward memory tests (Tsai et al. 1997).
Exposure assessment

We experienced several constraints in this study when trying to perform traditional exposure assessments for different kinds of materials and different exposure scenarios. The first constraint was due to a shortage of equipment and methodologies for environmental sampling and analysis of nanoparticles, especially for surface area measurement and carbon nanotube fiber counts. The second constraint was a lack of equipment and methodologies for personnel sampling. Another constraint was a lack of summary indices for heterogeneous nanomaterial exposure. 
Therefore, we used the control banding nanotool risk level matrix proposed by Dr. Paik and his colleagues (Paik et al. 2008) to categorize the risk level of each participant. Briefly, the risk level matrix was calculated based on the severity score of the nanomaterial toxicity and the score of the exposure probability. The factors considered in the calculation of the severity score included nanomaterial (70% of severity score) and parent material (30% of severity score). The factors considered in the calculation of the severity score of the nanomaterials included surface chemistry (10 points), particle shape (10 points), particle diameter (10 points), solubility (10 points), carcinogenicity (6 points), reproductive toxicity (6 points), mutagenicity (6 points), dermal toxicity (6 points), and asthmagenicity (6 points). The factors considered in the calculation of the severity score of parent material included occupational exposure limit (10 points), carcinogenicity (4 points), reproductive toxicity (4 points), mutagenicity (4 points), dermal toxicity (4 points), and asthmagenicity (4 points). The variables considered in the exposure probability included the estimated amount of material used (25 points), dustiness/mistiness (30 points), number of employees with similar exposure (15 points), frequency of operation (15 points), and duration of operation (15 points). 
Data on the above-mentioned factors were collected by questionnaire from personal interview of each individual. In order to obtain consistent scores, the nanomaterial toxicity severity score was based on the summary tables of a review document (Ostiguy et al. 2008) and the exposure probability score was based on the questionnaires collected from individual workers exposed to the various nanomaterials. The cross-table of the severity scores and probability scores was used to generate the risk levels (RLs, 1 to 4) for each individual. The higher the risk level, the higher the severity of nanomaterial toxicity and/or the higher the exposure probability.
Confounding variables
To control for confounding variables, we first identified potential confounders, including age, gender, smoking habit, history of respiratory disease, and dusty environment. All the final analyses were adjusted for these confounders using unconditional linear regression for continuous variables and logistic regression for categorical variables. 
In addition to these variables, we also collected data on potential exposure to incidental nanoparticles. We found that there was no difference among RL2, RL1, and the control groups regarding the distribution frequencies of nanoparticle types resulting from transportation, residential exposure close to traffic roads, residential exposure close to factories (within 50 meters), burning incense in the house, and burning anti-mosquito coils in the house. Therefore, we did not adjust the model for incidental nanoparticle exposure.

Data analysis 

The means and standard deviations were used to describe the distributions of continuous variables. Logarithmic transformation was performed to approximate the normal distribution. Student’s t-test and analysis of variance were used to test the differences among risk variables. Percentages were used to describe the distributions of categorical variables. The chi-square test was used to test the differences among the risk variables. p < 0.05 was considered significant.
In the data analysis, three types of analyses were used. First, we compare the biomarkers between the exposed and non-exposed groups based on the exposure status. Second, we compared the biomarkers between risk level 2 (RL2) workers (we combined RL3 and RL2 into RL2 in the data analysis) and the non-exposed controls as well as between risk level 1 (RL1) workers and non-exposed controls based on the risk levels categorized from control banding method as mentioned above. Third, we performed a trend analysis to test the dose-response gradients among control, RL1, and RL2 groups.
Results
Study population

The distribution of characteristics among the study population stratified by risk levels is shown in Table 1. The distributions of age, gender, alcohol drinking, and betel nut chewing differed significantly among risk levels. The RL2 had younger workers (< 40 years), more males, more alcohol drinkers, and more betel nut chewers, while the control group had more elders, more females, fewer alcohol drinkers, and fewer betel nut chewers. Exposed workers (RL1 and RL2) had more smokers than controls. 
Types of nanomaterials 

The types of nanomaterials handled by the 227 exposed individuals were carbon nanotubes, titanium dioxide, silica dioxide, and other nanomaterials including nanoresins, nanosilver, nanogold, nanoclay, nanoalumina, and metal oxides (Table 2). 
Most of the study population experienced multiple exposures to mixed types of nanomaterials (n = 94, 41.4%) (Table 2). Additionally, the most prevalent single exposure was to carbon nanotubes (n = 52, 22.9%), followed by silica dioxide (n = 37, 16.3%), titanium dioxide (n = 19, 8.4%), nanosilver (n = 15, 6.6%), and nanoresin (n = 10, 4.4%). 
Distribution of risk levels 

The distribution of risk levels among the exposed study population (n = 227) was 128 (56%) subjects in RL1, 91 (40%) in RL2, and 8 (4%) in RL 3. Because the number of subjects in RL3 was small, we combined RL3 and RL2 into RL2 (n = 99) for the data analysis.

Based on the questionnaire, the mean frequency of nanomaterial handling was 2.43 times per week, and it was 2.69 hours per time. The mean weekly nanomaterial handling or exposure time was 7.91 hours. The mean duration of working in the nanotechnology was 2.87 ± 2.34 years. The mean total cumulative exposure time was about 2260 hours. 
Antioxidant enzyme activity
The antioxidant enzyme activity (Table 3) of superoxide dismutase (SOD) in RL1 and RL2 workers was significantly lower than that of control workers (p < 0.05). A significantly decreasing gradient was found for SOD; workers in RL2 had the lowest SOD levels (control > RL1 > RL2, p < 0.05). The antioxidant glutathione peroxidase (GPX) was significantly lower only in RL 1 than in the controls. There was no significant depression of myeloperoxidase.
Lung Inflammation, oxidative damage, and lipid peroxidation

Markers of lung inflammation (Table 4), such as serum Clara cell protein, serum heat shock protein 70, serum nuclear factor κB transcription factor activation, nuclear factor κB transcription factor activation in exhaled breath condensate, and exhaled breath nitric oxide, did not differ significantly between exposed workers and controls. 
Markers of oxidative damage or lipid peroxidation, such as urine 8-hydroxydeoxyguanosine, urine N7-methyl guanosine, plasma 8-hydroxydeoxyguanosine, and isoprostane (8-iso-prostaglandin F2α) in exhaled breath condensate did not differ significantly between exposed workers and controls. 
Cardiovascular disease markers

The cardiovascular markers (Table 5) fibrinogen and intercellular adhesion molecule-1 were significantly higher in RL2 workers than in controls. In addition, significantly increasing gradients were observed for these two cardiovascular disease markers with increased risk levels. Another cardiovascular marker IL-6 was significantly increased in RL1 workers, but not in RL2 workers.

DNA damage and genotoxicity

There was no significant difference between exposed workers and controls for markers of genotoxicity (Table 6) as shown by the comet assay and presence of a micronucleus. 
Pulmonary function
There was no significant difference between exposed workers and controls for markers of lung function including FVC, FEV1, PEFR, MMF, FEF25%, FEF50%, and FEF75% (Table 7).

Neurobehavioral function
The correct rate of 7-digit backward memory was significantly lower among RL2 workers (correct memory odds ratio, OR = 0.48) than among controls (Table 8). Additionally, a significantly reversed gradient for correct rate of 7-digit backward memory (OR = 0.90 for RL1, OR = 0.48 for RL2, p < 0.05, trend test) was observed. The correct rate of 7-digit forward memory was also significantly lower in RL1 workers (correct memory OR = 0.43) than in controls. There was no significant difference between exposed workers and controls for reaction time and 5- and 6-digit forward and backward memory.

The significant findings of this cross-sectional epidemiological study are summarized in Table 9.
Discussion

The main activities of nanotechnology environmental health and safety in Taiwan include: 1) Hazard recognition: Health risk assessment of workers handling nanomaterials; 2) Hazard evaluation: Exposure assessment and characterization of nanoparticles in the workplace; and 3) Hazard control: Local ventilation, personal protective equipment, and fire prevention of nanomaterials. This study is part of the hazard recognition and health risk assessment of workers handling nanomaterials, conducted in cooperation with the Council of Labor Affairs, which is operated by Taiwan Institute of Occupational Safety and Health, to assess the health risks of workers in the nanotechnology industry. We emphasize that this study is not to try to answer “What are the health effects of nanoparticles?” Instead, with this hypothesis-generating study, we sought to answer “What are the potential health hazards among workers handling nanomaterials who are potentially exposed to nanoparticles?”
Recently, several cases of illnesses suspected of being caused by nanoparticles were reported in the medical literature. Two cases were reported in Germany and one in China. In the first case, in late March 2006, six people were admitted to the hospital with serious respiratory problems after using a new German bathroom cleaning product called Magic Nano (Wolinsky 2006; Pauluhn et al. 2008). The product supposedly contained nanoparticles of zinc oxide and was removed from the market after just 3 days. However, it was later confirmed by German authorities that it contained no nanoparticles at all (Wolinsky 2006; Pauluhn et al. 2008). The second case was pleural effusion, pulmonary fibrosis, and granuloma development in workers of a printing plant in China (Song et al. 2009). Seven young women were exposed to polyacrylate nanoparticles in a printing plant for 5 ± 3 months. All seven workers were admitted to the hospital due to shortness of breath and pleural effusions. Pathological examination of lung tissues showed nonspecific pulmonary inflammation, pulmonary fibrosis, and foreign-body granulomas in the pleurae. Polyacrylate nanoparticles were considered to cause severe pulmonary dysfunction. Nanoparticles were observed in pulmonary cells and pleural effusions using transmission electron microscopy. However, this report lacked a proper description of the exposures, and workplace hygiene conditions were apparently poor. The causes of reported health effects in these workers needed to be determined regardless of the involvement of nanoparticles. The third case was a female open office worker with toner dust exposure from laser printers who developed submesothelial deposition of carbon nanoparticles in the peritoneum (Theegarten et al. 2010). This patient developed weight loss and diarrhea and laparoscopy was done for suspected endometriosis. Laparoscopy surprisingly revealed black spots within the peritoneum. Submesothelial aggregates of carbon nanoparticles with diameters of 31–67 nm were found by scanning and transmission electron microscopy in these tissue specimens. Nonetheless, epidemiological studies of such a disease among printer users are still lacking.
Although the above-mentioned cases have never been confirmed to be caused by inhalation of nanoparticles, the primary target organ affected by nanoparticles seems to be the lungs, with acute irritation to chronic inflammation, pulmonary fibrosis, and granulomas formation (Wolinsky 2006; Pauluhn et al. 2008; Song et al. 2009; Theegarten et al. 2010). The health effects induced by engineered nanoparticles in animal inhalation studies included oxidative stress, pulmonary inflammation, granuloma, fibrosis, lung cancer, plaque formation, mesothelioma, and cardiovascular effects (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008; Oberdörster et al. 2009; Hesterberg et al. 2009; Hesterberg et al. 2010; Simkó et al. 2010; Bonner 2010; Oberdörster 2010). However, our findings were inconsistent with human cases reported and animal inhalation studies. We found depression of antioxidant enzymes (SOD and GPX) and increased cardiovascular markers (fibrinogen, ICAM-1, IL-6) in workers handling nanomaterials in this cross-sectional study. In addition, the ability to remember and recite a string of 7 digits backwards also decreased among workers handling nanomaterials. Interestingly, neither lung inflammation markers nor pulmonary function was significantly different in workers handling nanomaterials compared to unexposed control subjects. There was no significant increase in oxidative damage markers, lipid peroxidation markers, or genotoxicity markers. Cardiovascular injuries instead of pulmonary injury were detected in this cross-sectional study. Part of this discrepancy may be due to the relatively low levels of exposure in the workplace in comparison to high-dose exposures in animal and in vitro studies. However, the possibility of discrepancy needs further investigation.
Detrimental cardiovascular consequences due to nanoparticle exposure are reported in epidemiological studies (Wichmann et al. 2000; Donaldson et al. 2001; Frampton 2007; Araujo et al. 2008; Araujo et al. 2009; Peters et al. 2009; Quan et al. 2010), and could likely be explained by translocation of nanoparticles from the respiratory epithelium into the circulation and subsequent toxicity to vascular endothelium, alteration of blood coagulation, eventually altering cardiac frequency and function. The increases of cardiovascular markers (fibrinogen, ICAM-1, IL-6) found in this study were comparable with cardiotoxicity of nanoparticles. Nanoparticles can trigger autonomic nervous system reflexes and alter cardiac frequency and function. However, we found no significant heart rate variability in this study. 
One of the principal mechanisms of nanoparticle toxicity is the generation of reactive oxygen species and oxidative injury. Oxidative injury is the major mechanism by which nanoparticles induce adverse health effects. Surprisingly, we did not observe increases in oxidative stress markers and lipid peroxidation markers in this cross-sectional study. Depression of antioxidant enzymes (SOD and GPX) was the only finding in this study. The possible reason could be due to negligible exposure to engineered nanoparticles, which was not high enough to induce oxidative damage, but was high enough only to induce the early reaction of antioxidant enzyme suppression. Chronic exposure to nanoparticles also causes oxidative stress and enhances pro-inflammatory effects in the airways, leading to deleterious effects on the lungs. 
Chronic exposure to nanoparticles can induce reductions in FEV1 and FVC (Oberdörster et al. 2005; Borm et al. 2006; Stern et al. 2008; Oberdörster et al. 2009; Hesterberg et al. 2009; Hesterberg et al. 2010; Simkó et al. 2010; Bonner 2010; Oberdörster 2010). However, in our study, the pulmonary inflammation markers were not increased and pulmonary function was not reduced. 
Once nanoparticles deposit deeply into the lungs, they appear to access the blood circulation by different transfer routes and mechanisms, resulting in distribution throughout the body, including the brain, with potential neurotoxic consequences (Terzano et al. 2010). The decrease in the capability of backward memory in neurobehavioral tests found in this cross-sectional study is compatible with neurotoxic consequences. There is certain evidence that different forms of carbon nanotubes and nanoscale titanium dioxide particles induce tumors in sensitive animal models (Becker et al. 2011). Existing epidemiological studies on carcinogenicity for these engineered nanomaterials are not sufficiently conclusive (Larsson et al. 1989; Radon et al. 1999; Morfeld et al. 2006; Dell et al. 2006; Ramanakumar et al. 2008; Cassidy et al. 2007; Chen et al. 2007). In our study, the comet assay and micronucleus assay did not result in significant findings. 
There are several limitations to this cross-sectional epidemiologic study. First, cross-sectional study results may not be interpreted as causal association due to a lack of temporality. Second, the small size of the study population limits its generalizability. Third, a lack of exposure assessment made us unable to analyze the dose-response relationship. Fourth, the heterogeneity of nanomaterials made it difficult to find a sufficiently large group of workers exposed to the same particles and to present potential health effects of any one nanomaterial. Fifth, misclassification of exposure was possible. It was a random misclassification, but it did not lead to systematic bias. Random misclassification is biased toward the null value, which means to underestimate the true difference.
Until recently, we have not had much information regarding the health hazards of nanoparticles. In order to prevent the hazards of handling nanomaterials, the introduction of strict preventive measures, such as local ventilation and personal protective equipment, is still the only way to prevent any risk of occupational disease in workers who handle nanomaterials. With regard to periodic health examinations of workers handling nanomaterials, antioxidant enzymes such as SOD and cardiovascular markers such as fibrinogen and ICAM-1, may serve as the parameters of medical surveillance. However, most of the biomarkers used in this study are not specific for nanoparticles exposure. A more sophisticated study design is needed to validate the sensitivity and specificity of the markers used in this study. Medical surveillance provides benefits to the individual, company, and society; nonetheless, in some situations, medical surveillance may also produce physical and psychological harm (Nasterlack 2011). Therefore, most specialists agree that there is no screening specifically targeting workers handling nanomaterial. General medical screening with methods aimed at health outcomes appropriate for workers potentially exposed to nanomaterials seems suitable (Schulte et al. 2008; Nasterlack et al. 2008; ACOEM 2011; Nasterlack 2011).
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	Table 1. Distribution of characteristics among study population stratified by risk levels

	Variables
	Control(n=137)
	Risk Level 1(n=128)
	Risk Level 2(n=99)
	p value*

	
	N(%)
	N(%)
	N(%)
	

	Age
	
	
	
	0.03

	<40
	89 (64.96)
	93 (72.66)
	80 (80.81)
	

	>41
	48 (35.04)
	35 (27.34)
	19 (19.19)
	

	Gender
	
	
	
	<0.01

	Female
	63 (45.99)
	31 (24.22)
	19 (19.19)
	

	Male
	74 (54.01)
	97 (75.78)
	80 (80.81)
	

	Ethnic
	
	
	
	0.81

	Taiwanese
	103 (75.74)
	100 (78.13)
	74 (74.75)
	

	Hakka
	19 (13.97)
	15 (11.72)
	17 (17.17)
	

	Mainlander+Aborigine
	14 (10.29)
	13 (10.16)
	8 (8.08)
	

	Education
	
	
	
	0.11

	High school and less
	21 (15.44)
	18 (14.29)
	15 (15.15)
	

	University
	71 (52.21)
	53 (42.06) 
	36 (36.36)
	

	Graduate school
	44 (32.35)
	55 (43.65) 
	48 (48.48)
	

	Smoking
	
	
	
	0.08

	No
	127 (93.38)
	110 (86.61)
	84 (84.85)
	

	Yes
	9 (6.62)
	17 (13.39)
	15 (15.15)
	

	Second-hand smoke
	
	
	
	0.59

	No
	94 (68.61)
	95 (74.22)
	69 (70.41)
	

	Yes
	43 (31.39)
	33 (25.78)
	29 (29.59)
	

	Alcohol drinking
	
	
	
	0.04

	No
	125 (91.24)
	123 (96.09)
	86 (86.87)
	

	Yes
	12 (8.76)
	5 (3.91)
	13 (13.13)
	

	Betel nut chewing
	
	
	
	0.04

	No
	134 (97.81)
	128 (100.00)
	94 (94.95)
	

	Yes
	3 (2.19)
	0 (0.00)
	5 (5.05)
	　

	     *p value for chi-square test


Table 2. The distribution of nanomaterials handled in the exposed group.

	Nanomaterials            Frequency    % of total (% of exposed group)
	
	

	Carbon nanotube
	52
	14.3% (22.9%) 

	Nanoscale silicon dioxide(SiO2)
	37
	10.2% (16.3%)

	Nanoscale titanium dioxide(TiO2)
	19
	5.2% (8.4%)

	Nanosilver
	15
	4.1% (6.6%)

	Nanoresins
	10
	2.7% (4.4%)

	Mixed Materials
	94
	25.8% (41.4%)

	Exposed group
	227
	62.4% (100%)

	Control group
	137
	37.6%

	Total
	364
	100% 


	Table 3. The regression analysis of antioxidant enzymatic activity on risk levels.

	Variables
	RL1 vs. control
	RL2 vs. control
	Trend (RL2, RL1, control)

	
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　

	MPO activity (ng/mL)*
	0.01 
	0.03 
	(
	-0.05 
	~
	0.08 
	)
	0.65 
	
	0.04 
	0.03 
	(
	-0.03 
	~
	0.11 
	)
	0.27 
	
	0.02 
	0.02 
	(
	-0.01 
	~
	0.05 
	)
	0.27 
	

	SOD activity(U/mL)*
	-0.10 
	0.03 
	(
	-0.16 
	~
	-0.05 
	)
	<0.01
	★★
	-0.08 
	0.03 
	(
	-0.14 
	~
	-0.02 
	)
	0.01 
	★★
	-0.04 
	0.02 
	(
	-0.08 
	~
	-0.01 
	)
	<0.01
	★★

	GPX activity (nmol/min/mL)*
	-0.04 
	0.02 
	(
	-0.07 
	~
	-0.01 
	)
	<0.01
	★★
	-0.02 
	0.02 
	(
	-0.05 
	~
	0.01 
	)
	0.25 
	　
	-0.01 
	0.01 
	(
	-0.03 
	~
	0.01 
	)
	0.19 
	　

	★★:p<0.05;★:0.05≦p<0.10 (agreement with expectations)

	☆☆:p<0.05;☆:0.05≦p<0.10 (disagreement with expectations)

	*log transformation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table 4. The regression analysis of inflammation and oxidative stress markers on risk levels.

	Variables
	RL1 vs. control
	RL2 vs. control
	Trend (RL2, RL1, control)

	
	B
	S.E
	95%C.I
	p
	　
	B
	S.E
	95%C.I
	p
	　
	B
	S.E
	95%C.I
	p
	　

	CC16(ng/mL)*
	-0.02 
	0.03 
	(
	-0.07 
	~
	0.03 
	)
	0.52 
	
	-0.03 
	0.03 
	(
	-0.09 
	~
	0.02 
	)
	0.20 
	
	-0.02 
	0.01 
	(
	-0.04 
	~
	0.01 
	)
	0.20 
	

	NO(ppb)*
	-0.05 
	0.04 
	(
	-0.12 
	~
	0.01 
	)
	0.13 
	
	0.03 
	0.04 
	(
	-0.04 
	~
	0.11 
	)
	0.41 
	
	0.01 
	0.02 
	(
	-0.03 
	~
	0.05 
	)
	0.52 
	

	NF-kB(pg/mL)(serum)*
	-0.12 
	0.03 
	(
	-0.18 
	~
	-0.06 
	)
	<0.01
	☆☆
	-0.10 
	0.03 
	(
	-0.17 
	~
	-0.03 
	)
	<0.01
	☆☆
	-0.05 
	0.02 
	(
	-0.09 
	~
	-0.02 
	)
	<0.01
	☆☆

	NF-kB(pg/mL)(EBC)*
	-0.05 
	0.03 
	(
	-0.10 
	~
	0.00 
	)
	0.06 
	☆
	-0.04 
	0.03 
	(
	-0.09 
	~
	0.02 
	)
	0.19 
	
	-0.02 
	0.01 
	(
	-0.05 
	~
	0.01 
	)
	0.16 
	

	8-OHdG(ng/mL)(urine)*
	0.01 
	0.05 
	(
	-0.09 
	~
	0.10 
	)
	0.91 
	
	0.02 
	0.05 
	(
	-0.09 
	~
	0.12 
	)
	0.75 
	
	0.01 
	0.03 
	(
	-0.04 
	~
	0.06 
	)
	0.75 
	

	8-OHdG(pg/mg)(plasma)*
	-0.03 
	0.07 
	(
	-0.16 
	~
	0.11 
	)
	0.68 
	☆
	-0.08 
	0.07 
	(
	-0.23 
	~
	0.06 
	)
	0.27 
	
	-0.04 
	0.04 
	(
	-0.11 
	~
	0.03 
	)
	0.28 
	

	Isoprostane(pg/mL)(EBC)*
	0.02 
	0.03 
	(
	-0.05 
	~
	0.08 
	)
	0.64 
	
	0.07 
	0.04 
	(
	-0.002 
	~
	0.14 
	)
	0.06 
	★
	0.03 
	0.02 
	(
	-0.001 
	~
	0.07 
	)
	0.06 
	★

	HSP70(ng/mL)*
	0.10 
	0.13 
	(
	-0.16 
	~
	0.36 
	)
	0.45 
	
	0.18 
	0.15 
	(
	-0.11 
	~
	0.47 
	)
	0.22 
	
	0.09 
	0.07 
	(
	-0.05 
	~
	0.24 
	)
	0.21 
	

	N7-MeG(ug/mL*
	0.0005 
	0.07 
	(
	-0.15 
	~
	0.15 
	)
	0.99 
	　
	-0.01 
	0.08 
	(
	-0.16 
	~
	0.14 
	)
	0.92 
	　
	-0.004 
	0.04 
	(
	-0.08 
	~
	0.07 
	)
	0.92 
	　

	★★:p<0.05;★:0.05≦p<0.10 (agreement with expectations)

	☆☆:p<0.05;☆:0.05≦p<0.10 (disagreement with expectations)

	*log transformation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table 5. The regression analysis of cardiovascular disease markers on risk levels.

	Variables
	RL1 vs. control
	RL2 vs. control
	Trend (RL2, RL1, control)

	
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　

	Arylesterase(unit/mL)*
	0.03 
	0.02 
	(
	-0.004 
	~
	0.07 
	)
	0.08 
	☆
	0.04 
	0.02 
	(
	-0.003 
	~
	0.07 
	)
	0.07 
	☆
	0.02 
	0.01 
	(
	-0.001 
	~
	1.98 
	)
	0.06 
	☆

	paraoxonase(unit/mL)
	85.82 
	49.74 
	(
	-11.67 
	~
	183.31 
	)
	0.09 
	☆
	111.65 
	53.98 
	(
	5.85 
	~
	217.45 
	)
	0.04 
	☆☆
	57.25 
	26.89 
	(
	4.55 
	~
	59.21 
	)
	0.03 
	☆☆

	Fibrinogen(mg/dL)*
	0.01 
	0.01 
	(
	-0.01 
	~
	0.03 
	)
	0.31 
	
	0.03 
	0.01 
	(
	0.004 
	~
	0.05 
	)
	0.02 
	★★
	0.01 
	0.01 
	(
	0.002 
	~
	1.97 
	)
	0.02 
	★★

	VCAM(ng/mL)*
	0.03 
	0.02 
	(
	-0.01 
	~
	0.07 
	)
	0.09 
	★
	0.04 
	0.02 
	(
	-0.004 
	~
	0.08 
	)
	0.08 
	★
	0.02 
	0.01 
	(
	-0.001 
	~
	1.98 
	)
	0.07 
	★

	ICAM(ng/mL)*
	0.04 
	0.03 
	(
	-0.01 
	~
	0.09 
	)
	0.10 
	
	0.06 
	0.03 
	(
	0.004 
	~
	0.12 
	)
	0.04 
	★★
	0.03 
	0.01 
	(
	0.003 
	~
	1.99 
	)
	0.03 
	★★

	HsCRP(mg/L)*
	0.005 
	0.07 
	(
	-0.13 
	~
	0.14 
	)
	0.94 
	
	0.07 
	0.07 
	(
	-0.07 
	~
	0.21 
	)
	0.30 
	
	0.04 
	0.04 
	(
	-0.03 
	~
	2.00 
	)
	0.32 
	

	IL-6(pg/mL)*
	0.11 
	0.05 
	(
	0.01 
	~
	0.21 
	)
	0.03 
	★★
	0.09 
	0.05 
	(
	-0.02 
	~
	0.19 
	)
	0.11 
	
	0.05 
	0.03 
	(
	-0.01 
	~
	2.01 
	)
	0.09 
	★

	IL-6sR(pg/mL)*
	-0.04 
	0.02 
	(
	-0.07 
	~
	-0.01 
	)
	0.02 
	☆☆
	-0.05 
	0.02 
	(
	-0.09 
	~
	-0.02 
	)
	<0.01
	☆☆
	-0.03 
	0.01 
	(
	-0.04 
	~
	1.93 
	)
	<0.01
	☆☆

	HRV: SDNN(ms)*
	0.03 
	0.02 
	(
	-0.01 
	~
	0.07 
	)
	0.21 
	
	0.02 
	0.02 
	(
	-0.02 
	~
	0.07 
	)
	0.28 
	
	0.01 
	0.01 
	(
	-0.01 
	~
	1.97 
	)
	0.25 
	

	HRV: RMSSD(ms)*
	0.04 
	0.03 
	(
	-0.01 
	~
	0.09 
	)
	0.14 
	
	-0.005 
	0.03 
	(
	-0.06 
	~
	0.05 
	)
	0.87 
	
	-0.001 
	0.01 
	(
	-0.03 
	~
	1.96 
	)
	0.97 
	

	HRV: VLF(ms2)*
	0.05 
	0.05 
	(
	-0.06 
	~
	0.15 
	)
	0.36 
	
	-0.004 
	0.06 
	(
	-0.12 
	~
	0.11 
	)
	0.95 
	
	0.0004 
	0.03 
	(
	-0.06 
	~
	1.96 
	)
	0.99 
	

	HRV: LF(ms2)*
	0.01 
	0.06 
	(
	-0.10 
	~
	0.12 
	)
	0.85 
	
	0.07 
	0.06 
	(
	-0.05 
	~
	0.19 
	)
	0.24 
	
	0.03 
	0.03 
	(
	-0.02 
	~
	1.99 
	)
	0.26 
	

	HRV: HF(ms2)*
	0.03 
	0.05 
	(
	-0.07 
	~
	0.14 
	)
	0.54 
	
	-0.01 
	0.06 
	(
	-0.13 
	~
	0.10 
	)
	0.83 
	
	-0.005 
	0.03 
	(
	-0.06 
	~
	1.96 
	)
	0.87 
	

	HRV: LF/HF*
	-0.01 
	0.05 
	(
	-0.11 
	~
	0.09 
	)
	0.85 
	
	0.06 
	0.06 
	(
	-0.05 
	~
	0.17 
	)
	0.29 
	
	0.03 
	0.03 
	(
	-0.03 
	~
	1.99 
	)
	0.32 
	

	Stiffness Index*
	0.003 
	0.01 
	(
	-0.02 
	~
	0.02 
	)
	0.77 
	
	-0.02 
	0.01 
	(
	-0.04 
	~
	0.01 
	)
	0.17 
	
	-0.01 
	0.01 
	(
	-0.02 
	~
	1.95 
	)
	0.19 
	

	SpO2(%)*
	-0.001 
	0.001 
	(
	-0.003 
	~
	0.001 
	)
	0.19 
	　
	-0.001 
	0.001 
	(
	-0.002 
	~
	0.001 
	)
	0.36 
	　
	-0.0004 
	0.0004 
	(
	-0.001 
	~
	1.96 
	)
	0.33 
	　

	★★:p<0.05;★:0.05≦p<0.10 (agreement with expectations)

	☆☆:p<0.05;☆:0.05≦p<0.10 (disagreement with expectations)

	*log transformation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table 6. The regression analysis of genotoxicity on risk levels.

	Variables
	RL1 vs. control
	RL2 vs. control
	Trend (RL2, RL1, control)

	
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　

	Comet assay: %DNA in tail*
	-0.07 
	0.05 
	(
	-0.17 
	~
	0.03 
	)
	0.16 
	
	-0.05 
	0.05 
	(
	-0.16 
	~
	0.05 
	)
	0.32 
	
	-0.03 
	0.03 
	(
	-0.08 
	~
	0.02 
	)
	0.29 
	

	Comet assay: Tail Moment*
	-0.25 
	0.12 
	(
	-0.48 
	~
	-0.01 
	)
	0.04 
	☆☆
	-0.18 
	0.13 
	(
	-0.43 
	~
	0.08 
	)
	0.18 
	
	-0.09 
	0.07 
	(
	-0.22 
	~
	0.03 
	)
	0.15 
	

	Comet assay: Olive Moment*
	-0.18 
	0.09 
	(
	-0.36 
	~
	-0.01 
	)
	0.04 
	☆
	-0.13 
	0.10 
	(
	-0.32 
	~
	0.06 
	)
	0.17 
	
	-0.07 
	0.05 
	(
	-0.17 
	~
	0.02 
	)
	0.14 
	

	Comet assay: L/H ratio*
	-0.01 
	0.07 
	(
	-0.15 
	~
	0.12 
	)
	0.86 
	　
	0.05 
	0.07 
	(
	-0.10 
	~
	0.19 
	)
	0.53 
	　
	0.02 
	0.04 
	(
	-0.05 
	~
	0.09 
	)
	0.56 
	　

	★★:p<0.05;★:0.05≦p<0.10 (agreement with expectations)

	☆☆:p<0.05;☆:0.05≦p<0.10 (disagreement with expectations)

	*log transformation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table 7. The regression analysis of pulmonary function on risk levels. 

	Variables
	RL1 vs. control
	RL2 vs. control
	Trend (RL2, RL1, control)

	
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　

	FVC(%)*
	0.01 
	0.01 
	(
	-0.01 
	~
	0.02 
	)
	0.37 
	
	0.001 
	0.01 
	(
	-0.02 
	~
	0.02 
	)
	0.87 
	
	0.001 
	0.004 
	(
	-0.01 
	~
	0.01 
	)
	0.81 
	

	FEV1/FVC(%)
	0.09 
	0.07 
	(
	-0.04 
	~
	0.23 
	)
	0.17 
	
	0.09 
	0.07 
	(
	-0.05 
	~
	0.23 
	)
	0.23 
	
	0.05 
	0.04 
	(
	-0.03 
	~
	0.12 
	)
	0.20 
	

	MMF(%)
	0.16 
	0.14 
	(
	-0.11 
	~
	0.43 
	)
	0.25 
	
	0.21 
	0.15 
	(
	-0.08 
	~
	0.51 
	)
	0.15 
	
	0.11 
	0.08 
	(
	-0.04 
	~
	0.26 
	)
	0.15 
	

	PEFR(%)
	0.38 
	0.20 
	(
	-0.001 
	~
	0.76 
	)
	0.051 
	☆
	0.17 
	0.21 
	(
	-0.25 
	~
	0.58 
	)
	0.43 
	
	0.09 
	0.11 
	(
	-0.11 
	~
	0.30 
	)
	0.37 
	

	FEF25%
	0.31 
	0.21 
	(
	-0.10 
	~
	0.72 
	)
	0.13 
	
	-0.03 
	0.22 
	(
	-0.47 
	~
	0.41 
	)
	0.88 
	
	-0.003 
	0.11 
	(
	-0.22 
	~
	0.22 
	)
	0.98 
	

	FEF50%
	0.25 
	0.16 
	(
	-0.07 
	~
	0.56 
	)
	0.12 
	
	0.27 
	0.17 
	(
	-0.07 
	~
	0.61 
	)
	0.12 
	
	0.14 
	0.09 
	(
	-0.03 
	~
	0.31 
	)
	0.11 
	

	FEF75%
	0.07 
	0.09 
	(
	-0.11 
	~
	0.24 
	)
	0.47 
	　
	0.15 
	0.10 
	(
	-0.04 
	~
	0.34 
	)
	0.13 
	　
	0.07 
	0.05 
	(
	-0.02 
	~
	0.17 
	)
	0.13 
	　

	★★:p<0.05;★:0.05≦p<0.10 (agreement with expectations)

	☆☆:p<0.05;☆:0.05≦p<0.10 (disagreement with expectations)

	*log transformation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table 8. The regression analysis of neurobehavioral response on risk levels.

	Variables
	R1
	R2
	Trend

	
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　
	B
	SE
	95%C.I
	p value
	　

	Reaction time(μsec)*
	-0.01 
	0.01 
	(
	-0.03 
	~
	0.01 
	)
	0.24
	
	0.001 
	0.01 
	(
	-0.02 
	~
	0.02 
	)
	0.89
	
	0.0002 
	0.004 
	(
	-0.01 
	~
	0.01) 
	)
	0.96 
	

	
	OR
	S.E.
	95%C.I
	p value
	
	OR
	SE
	95%C.I
	p value
	
	OR
	SE
	95%C.I
	
	P value

	Correct rate of 7-digit forward memory
	0.43 
	0.46 
	(
	-0.48 
	~
	1.34 
	)
	0.07 
	*
	0.87 
	0.52 
	(
	-0.15 
	~
	1.89 
	)
	0.78 
	
	
	
	
	
	
	
	
	0.63 
	

	Correct rate of 7-digit backward memory
	0.91 
	0.37 
	(
	0.18 
	~
	1.64 
	)
	0.80 
	　
	0.48 
	0.37 
	(
	-0.24 
	~
	1.21 
	)
	0.048 
	**
	　
	　
	　
	　
	　
	　
	　
	0.053 *
	

	★★:p<0.05;★:0.05≦p<0.10 (agreement with expectations)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	☆☆:p<0.05;☆:0.05≦p<0.10 (disagreement with expectations)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	*log transformation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table 9. Summary of significant findings after adjustment for confounders

	Biomarkers
	RL1 vs. control
	RL2 vs. control
	Trend (RL2, RL1, control)

	Antioxidant enzymatic activity
	SOD↓, GPX↓
	SOD↓
	SOD↓

	Lung inflammation and oxidative damage
	     --
	--
	      --

	Cardiovascular disease markers
	IL6↑
	Fibrinogen↑, ICAM↑
	Fibrinogen↑, ICAM↑

	DNA damage and genotoxicity
	    --
	      --
	      --

	Pulmonary function
	    --
	      --
	      --

	Neurobehavioral function
	    --
	Backward 7-digit memory↓
	      --


↑: increase; ↓: decrease;
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